Neural activity is accompanied by a transient mismatch between local glucose and oxygen metabolism, a phenomenon of physiological and pathophysiological importance termed aerobic glycolysis. Previous studies have proposed glutamate and K + as the neuronal signals that trigger aerobic glycolysis in astrocytes. Here we used a panel of genetically encoded FRET sensors in vitro and in vivo to investigate the participation of NH + 4 , a by-product of catabolism that is also released by active neurons. Astrocytes in mixed cortical cultures responded to physiological levels of NH + 4 with an acute rise in cytosolic lactate followed by lactate release into the extracellular space, as detected by a lactate-sniffer. An acute increase in astrocytic lactate was also observed in acute hippocampal slices exposed to NH + 4 and in the somatosensory cortex of anesthetized mice in response to i.v. NH 
B
rain tissue is almost exclusively energized by the oxidation of glucose. However, during neuronal activation, there is a larger increase in local glucose consumption relative to oxygen consumption (1) . As this mismatch occurs in the presence of normal or augmented oxygen levels, it has been termed aerobic glycolysis, paralleling the signal detected by functional magnetic resonance imaging (2) . Aerobic glycolysis and its associated lactate surge are causally linked to diverse functions of the brain in health and disease (3) (4) (5) (6) (7) (8) (9) (10) . Two signals are known to trigger aerobic glycolysis in brain tissue: glutamate and K + , which are released by active neurons and stimulate glycolysis in astrocytes (11, 12) .
Neurons produce as much NH + 4 as they produce glutamate, both molecules being stoichiometrically linked in the glutamateglutamine cycle (13) . Brain tissue NH + 4 increases within seconds of neural activation (14) (15) (16) and is quickly released to the interstitium (17, 18) to be captured by astrocytes through K + channels and transporters (19) . It is well established that chronic exposure to pathological levels of NH + 4 such as those observed during liver failure has a major impact on brain metabolism, but it is not known whether this molecule may affect energy metabolism at physiological levels, particularly within the time scale of synaptic transmission. A previous study showed a reversible rise in brain tissue lactate and cerebral blood flow within minutes of an i.v. infusion of NH + 4 . In view of this result, NH + 4 was speculated to have signaling roles in the brain (20) . The aim of the present work was to investigate this possibility.
Results
Increased Lactate Production and Release by Physiological NH + 4 . To investigate the acute effect of NH + 4 on astrocytic metabolism, we chose 0.2 mM, a concentration within physiological levels in brain tissue (15, 21, 22) . Experiments were carried out in cell cultures, in acute brain tissue slices and in the somatosensory cortex in vivo. First, the release of lactate by pure astrocytes in culture during a 1-min exposure to NH + 4 was estimated using an enzymatic assay. Consistent with previous reports (20, 23) , a significant increase in extracellular lactate was observed at 5 mM NH + 4 . However, the enzymatic assay was unable to detect significant lactate release at 0.2 or 0.5 mM NH + 4 ( Fig. 1A) . To improve the sensitivity of detection, lactate was measured within cells using Laconic (24) . All imaging of cultured astrocytes was performed on mixed cultures of astrocytes and neurons, in which astrocytes are better differentiated in terms of energy metabolism (25) . Standard glucose and lactate concentrations in the superfusate were 1 and 0.5 mM, respectively. Exposure of astrocytes to 0.2 mM NH + 4 induced a rapid and reversible increase in cytosolic lactate, a response that varied from cell to cell (Fig. 1B) . The effect was reproducible (Fig. 1C ) and dose dependent ( Fig. 1 D and E) . Cultured astrocytes are net lactate producers. To clarify whether the accumulation of lactate was due to increased production or impaired release, astrocytes were exposed to NH + 4 in the presence of the monocarboxylate transporter (MCT) blocker AR-C155858 (26) , which in these cells abrogates lactate transport (24) . As shown in Fig. 1F , the increased rate of lactate accumulation in the presence of the MCT blocker demonstrates NH + 4 stimulated lactate production. Lactate release was assessed independently by real-time estimation of lactate levels in the immediate vicinity of astrocytes using a lactate-sniffer HEK 293 cell (27) . Seeded on a brain cell culture, lactate sniffers were observed to lie on top of the astrocytic monolayer (Fig. 1G) . As Significance Aerobic glycolysis is important for synaptic growth, neuronal excitability, memory formation, and behavior and is also involved in neurodegeneration. Here we present evidence, obtained with novel optical tools, to show that NH + 4 contributes to aerobic glycolysis by specifically inhibiting the mitochondrial consumption of pyruvate in astrocytes. NH + 4 , a waste product of excitatory neurotransmission, is therefore proposed to behave as an intercellular signal in brain tissue. 
.
To verify if the response of astrocytes to NH + 4 is detectable in brain tissue, lactate was measured in protoplasmic astrocytes of the hippocampus. For this purpose, a recombinant adeno-associated virus coding for Laconic under the short gfaABC 1 D promoter was stereotactically injected into the brain of neonatal mice. After 4-5 wk, brain slices were prepared, and FRET measurements were made (Fig. 1J) . Imaged in tissue slices, the sensor behaved as expected, with a decrease in signal on transacceleration of lactate export with the nonmetabolized MCT substrate monochloroacetate and an increase during exposure to 10 mM lactate (24) . Addition of NH + 4 to the slice caused a rapid increase in lactate in protoplasmic astrocytes, a response that could be detected even at 0.05 mM NH + 4 ( Fig. 1K) . To approach astrocytic lactate in vivo, Laconic was expressed in astrocytes of the primary somatosensory cortex of adult mice and then imaged under anesthesia through a cranial window using two-photon microscopy ( Fig. 2A ). An i.v. bolus injection of NH + 4 (2.5 mmol/kg body weight) provoked a quick rise in astrocytic lactate (Fig. 2B) , followed by a rise in extracellular lactate, as detected by an enzyme-based microelectrode inserted into the brain tissue (Fig. 2C) . Parallel measurements showed no apparent effects of the NH + 4 bolus infusion on blood lactate levels ( Fig. 2D) (Fig. 3A) , a result that is consistent with the lack of effect of NH + 4 on glucose consumption and that also rules out glycogen as a putative source of lactate. Thus, we focused on (Fig. 3B) . Next, mitochondrial pyruvate consumption was monitored using a transport block protocol (31) . Briefly, astrocytes were first incubated with pyruvate alone as energy substrate and then were exposed to a mixture of surface pyruvate transport blockers, a condition under which the rate of cytosolic pyruvate depletion represents the rate of mitochondrial pyruvate consumption. In our culture conditions, the uptake of pyruvate is partly mediated by a pathway sensitive to AR-C155858 and by a pathway sensitive to probenecid. As shown in Fig. 3C , NH + 4 markedly decreased mitochondrial pyruvate consumption. To further characterize the dynamics of mitochondrial inhibition, cells were simultaneously exposed to NH + 4 and pyruvate transport blockers during high-frequency data acquisition. During the first seconds of exposure, the rate of pyruvate depletion was similar to that observed in the absence of NH + 4 , but then the depletion came to a stop and pyruvate levels began to recover. A numerical model of pyruvate dynamics could be fitted to the data, indicating that NH + 4 inhibited mitochondrial pyruvate uptake by 93%, with a delay of 30 s between surface transport block and mitochondrial inhibition (Fig. 3D) . The resulting accumulation of pyruvate in the cytosol pushes the near-equilibrium LDH reaction toward NADH use and lactate production, thus accounting for the observed decrease in cytosolic NADH. (Fig. 3E) , confirming that ammonium enters astrocytes mostly in the protonated form, a process known to be mediated by K + channels and transporters (19, 22) . Exposure of astrocytes to physiological NH + 4 caused a significant acidification of the mitochondrial matrix, as estimated with MitoSypHer, a geneticallyencoded pH sensor (Fig. 3F) . The mitochondrial acidification suggests that ammonium enters astrocytic mitochondria in the protonated form. We could not find information about the mechanisms of mitochondrial NH + 4 transport in astrocytes. Preferential NH + 4 over NH 3 uptake has previously been reported in liver mitochondria (32) . Of note, although NH 3 is a gas, it diffusivity through biological membranes can be low, as reported in kidney cells (33) . In contrast, physiological NH + 4 did not acidify the cytosol to a significant extent (Fig. 3E) . The absence of cytosolic acidification by low levels of ammonium is consistent with the higher pH and lower buffering capacity of the mitochondrial matrix relative to the cytosol (34), compounded by muffling from the high levels of cytosolic bicarbonate and carbonic anhydrase present in astrocytic cytosol (35) . The uptake of pyruvate by mitochondria is mediated by the mitochondrial pyruvate carrier (MPC), which is an H + -pyruvate cotransporter (36, 37) . Therefore, the driving force for pyruvate uptake depends on the difference between the H + concentration in the cytosol and that in the more alkaline mitochondrial matrix (38) . Because the MPC cotransports pyruvate with an H + , the acidification of mitochondria by physiological NH + 4 provides an explanation for the inhibition of pyruvate uptake by mitochondria. After entering mitochondria, most of the pyruvate is metabolized via the Krebs cycle. This pathway may be inhibited by NH 3 at α-ketoglutarate dehydrogenase (21), a possible downstream target for NH + 4 after deprotonation. NH + 4 had no apparent effect on mitochondrial membrane potential (Fig. 3G) . A stable mitochondrial potential in the face of matrix acidification has been previously ascribed to Ca 2+ efflux (39), but we could not find a detectable increase in cytosolic Ca 2+ in astrocytes exposed to NH + 4
Mechanism of Mitochondrial Pyruvate Uptake Inhibition by NH
( Fig. S2 ). An alternative explanation for the constancy of mitochondrial potential may be inhibition of ATP synthase mediated by the H + -sensitive modulator IF1 (40) .
Discussion
This article describes a previously unidentified mechanism of aerobic glycolysis. We found that physiological levels of NH
induce a rapid and reversible increase in lactate production and release by astrocytes, a robust phenomenon observed in cultured cells, brain tissue slices, and in the somatosensory cortex in vivo. In contrast to the metabolic roles of glutamate and K + , the NH + 4 -dependent lactate surge was not due to glycolytic stimulation but to pyruvate shunting, explained by acidification of the mitochondrial matrix. As NH + 4 is produced by neurons in an activity-dependent manner, the present mechanism suggests that NH + 4 diverts lactate from astrocytes to neurons (Fig. 4) . (15, 21) , with a more recent 0.45 mM measured in mouse brain interstitium with a double barreled electrode (22) . An increase in nervous tissue NH + 4 during neural activity has been reported in several animal models, including frog sciatic nerve (14) , rat brain slices (15) , and slices of the bee retina (17) . Using a rapid freezing technique, a transient increase in brain tissue NH (42) . NH + 4 is rapidly captured by astrocytes via several pathways including K + channels and transporters (19, 22) . Nitrogen may also be shuttled from neurons to astrocytes as amino acids, but the extent of this indirect pathway seems to be less significant than direct transfer as NH + acutely stimulated the production and release of lactate by astrocytes without affecting glycolysis. The phenomenon was detected even at 0.05 mM and coincided with a strong inhibition of pyruvate uptake by mitochondria. There was a coincidental decrease in cytosolic NADH, consistent with pyruvate to lactate conversion. NH + 4 caused an acute acidification of the mitochondrial matrix but no detectable changes in cytosolic pH. The uptake of pyruvate by mitochondria is mediated by the H + -coupled MPC (36, 37) , and therefore the reduction of the transmitochondrial pH gradient by NH + 4 provides a parsimonious explanation for the reduced uptake of pyruvate. There is increasing evidence that mitochondrial pH plays important physiological and pathological roles (43); for example, a recent study in astrocytes showed that glutamate inhibited oxygen consumption, a phenomenon ascribed to cytosolic acidification leading to mitochondrial acidification (34) .
(18).

Mechanism of Lactate Production by NH
Is a Signal for Aerobic Glycolysis. The control, by neurons, of astrocytic lactate release appears to involve several mechanisms acting within different temporal domains. In the short term (seconds), glutamate stimulates the glucose transporter GLUT1 via Na + and Ca 2+ transients mediated by the Na + -glutamate cotransporter (44, 45) . Acting in parallel, K + stimulates glycolysis via the Na + -HCO 3 − cotransporter NBCe1 (12, 46) and also opens a lactate permeable ion channel at the cell surface (27) . By suppressing the uptake of pyruvate by astrocytic mitochondria within seconds, NH + 4 adds an additional strategy for short-term induction of aerobic glycolysis. Acting on different targets, the three signals are likely to be synergic. The production of lactate by astrocytes is also stimulated by neuronal signals in the long term (minutes). Glutamate activates glycolysis via the Na + -glutamate cotransporter (11, 12) and K + stimulates glycogen degradation via the HCO 3 − -sensitive soluble adenylyl cyclase (47) . Also within minutes, nitric oxide has been shown to stimulate astrocytic glycolysis through inhibition of cytochrome c oxidase leading to activation of 5′-AMP-activated protein kinase and PFKFB3 (48) . It seems likely that NH (49) . Cooperativity might also help to explain the present observation that astrocytes in brain slices, likely exposed to some glutamate, were found to be more sensitive to NH + 4 than astrocytes in culture. Given the emerging importance of aerobic glycolysis and lactate for diverse local and higher functions of the brain (3-10, 50-55) , we hope that the present findings will stimulate research on the physiological aspects of NH + 4 , particularly mitochondrial transport and neuronal release.
Materials and Methods
Standard reagents and inhibitors were acquired from Sigma or Merck. AR-C155858 was purchased from Haoyuan Chemexpress. The sensors FLII 12 Pglu700μΔ6, Peredox, Laconic, Pyronic, and MitoSypHer are available from Addgene (www.addgene.org). Ad Laconic, Ad Pyronic, and Ad FLII 12 Pglu700μΔ6 (serotype 5) were custom made by Vector Biolabs. The adeno-associated virus (AAV9) expressing Laconic under the control of the short gfaABC1D promoter was generated at the École Polytechnique Fédérale de Lausanne. Design, production, and titration of the AAV9 vector for transgene expression in astrocytes have been described previously (56) . Fluo-4 AM, 2,7-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) AM, tetramethyl rhodamine methyl ester (TMRM), and Calcein AM were from Invitrogen. All NH (46) . To measure lactate release with an enzymatic method, pure astrocytic cultures were obtained by subculturing mixed cultures at day 14. After another 7 d in 24-well plates, cultures were exposed to experimental conditions in a 95% air/5% CO 2 -gassed culture saline buffer (CSF) composed of (mM) 112 NaCl, 3 KCl, 1.25 CaCl 2 , 1.25 MgCl 2 , 2 glucose, 10 Hepes, and 24 NaHCO 3 , pH 7.4, at room temperature. Extracellular lactate was measured using a fluorometric assay kit according to the manufacturer´s instructions (BioVision). For FRET sensor expression, cultures were exposed to 5 × 10 6 PFU of Ad Laconic, Ad Pyronic, or Ad FLII 12 Pglu700μΔ6 and studied after 48 h (culture day 8-10). For plasmid expression of Peredox and mitoSypHer, cells were transfected using Lipofectamine 2000 or 3000 (Gibco) and studied after 48 h (culture day [8] [9] [10] . The cytosolic and nuclear versions of Peredox responded similarly to NH + 4 , as expected from unrestricted movement of NADH and NAD + through the nuclear pore (30) . However, the expression of nuclear Peredox was much stronger. Thus, we chose to illustrate NADH dynamics using nuclear Peredox. To generate lactate sniffers (27) , HEK293 cells were first transfected with Laconic. After 24 h, the cells were detached with trypsin for 2 min, washed three times, and seeded on top of a mixed brain cell culture. The coculture was maintained with Neurobasal medium for 12-24 h until imaging.
Hippocampal Slices. Neonatal mice (postnatal days 1-2) were removed from the mother and anesthetized by hypothermia for 8 min. Animals were positioned on a stereotactic stage (57) and injected with 1 μL AAV9-GFAPLaconic directly through the skull using a Fusion 100 Syringe Pump (Chemyx). After injection, animals were positioned on a temperate bed until recovery and returned to the mother. Four weeks after AAV injection, animals were killed by cervical dislocation, and 200-μm-thick coronal brain sections were prepared as described (58) .
In Vivo Two-Photon Microscopy of Somatosensory Cortex. The protocol for in vivo determination of astrocytic lactate with Laconic has been detailed elsewhere (27) . In brief, animals were anesthetized with an intraperitoneally injected mixture of fentanyl (0.05 mg/kg body weight; Sintenyl, Sintetica), midazolam (5 mg/kg body weight; Dormicum, Roche), and medetomidine (0.5 mg/kg body weight; Domitor, Orion Pharma) and again after 50 min with midazolam only (5 mg/kg body weight). The head was fixed in a stereotactic apparatus, and the eyes were kept wet with an ointment (vitamin A eye cream; Bausch & Lomb). A 4 × 4-mm craniotomy was drilled using a dental drill, and 75 nL AAV9-GFAP-Laconic (titer 3.1 × 10 12 vg/mL) was injected into the primary somatosensory cortex. A square coverslip (3 × 3 mm; UQG Optics Ltd.) was lightly pressed on the exposed brain and fixed with dental cement to the skull. A bonding agent (Gluma Comfort Bond; Heraeus Kulzer) was applied to the cleaned skull and was polymerized with a handheld blue light source (600 mW/cm 2 ; Demetron LC, Kerr Corporation). The open skin was treated with an antibiotic ointment (Cicatrex; JanssenCilag AG) and closed with acrylic glue (Histoacryl; B. Braun). After surgery, the animals were kept warm and provided with analgesics (Novaminsulfon, 50%; Sintetica), and the antibiotic enrofloxacin was added to the drinking water (200 mg/L drinking water; Baytril, Bayer). For in vivo lactate measurements, mice were imaged with a custom-built two-photon laser-scanning microscope using a tunable pulsed (Mai Tai eHP DS system; SpectraPhysics) at a wavelength of 870 nm. The animals were head fixed and kept under anesthesia, as described above. Body temperature was kept constant with a feedback-controlled heating pad (37°C; Harvard Apparatus). Extracellular lactate measurements were performed with the commercially available recording system from Pinnacle Technology. Mice were fixed in a stereotactic frame under anesthesia (isoflurane 1.5%; Abbott), the skull was opened with a dental drill, and a guide cannula (Part 7032; Pinnacle Technology) was implanted into the primary somatosensory cortex (A/P +1.41, M/L −2.8, D/V −1.0) and fixed with dental cement to an anchor screw (Part 8209; Pinnacle Technology). After a recovery period of 2 wk, the precalibrated lactate sensor was inserted into the guide cannula. A tail vein catheter was created for saline, lactate, and pyruvate infusions. Recording was started 1 h after signal stabilization. For blood lactate level measurements, the femoral artery was exposed and cannulated with fine bore polyethylene tubing (0.28 mm ID, 0.61 mm OD, Portex; Smiths Medical). Blood drops were removed from the cannula, and every fourth drop was used for an enzymatic lactate assay (Lactate Pro-2; Arkray). After each blood sample analysis, the tubing was rinsed with heparinized (50 IU/mL) 0.9% saline solution.
In Vitro Fluorescence Imaging. Detailed protocols for the use of the fluorescent sensors are available (59) (60) (61) (62) . Cells and slices were imaged with an upright Olympus FV1000 confocal microscope and a 440-nm solid-state laser. Alternatively, cells were imaged with Olympus IX70 or BX51 microscopes equipped with Cairn Research monochromators and Optosplits and either a Hamamatsu Orca or Rollera camera. Cells were superfused at 1 mL/min (chamber volume, 0.3 mL) at room temperature (22-24°C): Cultures were superfused with a 95% air/5% CO 2 -gassed CSF (1 mM glucose and 0.5 mM NaLactate), and tissue slices with a 95% O 2 /5% CO 2 -gassed solution composed of (mM) 126 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 1.25 CaCl 2 , 1.25 MgCl 2 , 10 glucose, and 26 NaHCO 3 , at pH 7.4. Cell cultures were imaged approximately 30 min after Neurobasal removal; Typical time between animal killing and slice imaging was 2 h. Masked ratio images were generated from background-subtracted images using ImageJ software. Fluo4 was ester loaded at 4 μM for 15 min. BCECF was ester loaded at 0.1 μM for 3-4 min. Calcein orange was ester loaded at 1 μM for 30 min. BCECF and mitoSypHer were calibrated by exposing the cultures to different pH in the presence of 10 μg/mL nigericin and 20 μg/mL gramicidin in an intracellular buffer. The permeabilization procedure shifted the mitoSypHer signal, and therefore baseline mitochondrial pH was assumed to be 7.6 (34) . For mitochondrial membrane potential imaging the cultures were loaded with the fluorescent dye TMRM for 30 min at 37°C.
Data Presentation and Statistical Analysis:
Line traces without errors represent individual cells. Traces with error bars correspond to mean ± SEM of eight or more cells (n ≥ 3 experiments). Differences between two groups were evaluated with the Student t test or the Mann-Whitney u test, and differences between more groups were evaluated with the Kruskal-Wallis oneway ANOVA on ranks followed by Dunn´s test. P < 0.05 was considered significant. The computer simulation of pyruvate dynamics is described in SI Text.
